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Utilizing the Fermi measurement of the γ-ray spectrum toward the Inner Galaxy, we derive some of the
strongest constraints to date on the dark matter (DM) lifetime in the mass range from hundreds of MeV to
above an EeV. Our profile-likelihood-based analysis relies on 413 weeks of Fermi Pass 8 data from
200 MeV to 2 TeV, along with up-to-date models for diffuse γ-ray emission within the Milky Way. We
model Galactic and extragalactic DM decay and include contributions to the DM-induced γ-ray flux
resulting from both primary emission and inverse-Compton scattering of primary electrons and positrons.
For the extragalactic flux, we also calculate the spectrum associated with cascades of high-energy γ rays
scattering off of the cosmic background radiation. We argue that a decaying DM interpretation for the
10 TeV–1 PeV neutrino flux observed by IceCube is disfavored by our constraints. Our results also
challenge a decaying DM explanation of the AMS-02 positron flux. We interpret the results in terms of
individual final states and in the context of simplified scenarios such as a hidden-sector glueball model.
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A primary goal of the particle physics program is to
discover the connection between dark matter (DM) and the
standard model (SM). While DM is known to be stable over
cosmological timescales, rare DM decays may give rise to
observable signals in the spectrum of high-energy cosmic
rays. Such decays would be induced through operators
involving both the dark sector and the SM. In this work, we
derive some of the strongest constraints to date on decaying
DM for masses from ∼400 MeV to ∼107 GeV by perform-
ing a dedicated analysis of Fermi γ-ray data from 200 MeV
to 2 TeV.
The solid red line in Fig. 1 gives an example of our
constraint on the DM (χ) lifetime, τ, as a function of its
mass, mχ , assuming the DM decays exclusively to a pair of
bottom quarks. Our analysis includes three contributions
to the photon spectrum: (1) prompt emission, (2) γ rays that
are up-scattered by primary electrons and positrons through
inverse Compton (IC) within the Galaxy, and (3) extra-
galactic contributions.
In addition to deriving some of the strongest limits on the
DM lifetime across many DM decay channels, our results
provide the first dedicated constraints on DM using the
latest Fermi data for mχ ≳ 10 TeV. To emphasize this
point, we provide a comparison with other limits in Fig. 1.
The dashed red curve indicates our new estimate of the
limits set by high-energy neutrino observations at the
IceCube experiment [1–4]. Our IceCube constraint domi-
nates in the range from ∼107 to 109 GeV.
Constraints from previous studies are plotted as solid
grey lines labeled from 1 to 6. Curve 6 shows that for
masses above ∼109 GeV, limits from null observations of
ultrahigh-energy γ rays at air shower experiments [5], such as
the PierreAugerObservatory (PAO) [6],KASCADE [7], and
CASA-MIA [8], surpass our IceCube limits. Curves 2, 5,
and 3 are from previous analyses of the extragalactic [9,10]
and Galactic [11] Fermi γ-ray flux (for related work see
Refs. [12–14]). Our results are less sensitive to astrophysical
modeling than Ref. [9], which makes assumptions about the
FIG. 1. Limits on DM decays to bb¯, as compared to previously
computed limits using data from Fermi (2,3,5), AMS-02 (1,4),
and PAO, KASCADE, and CASA-MIA (6). The hashed green
(blue) region suggests the parameter space where DM decay may
provide a ∼3σ improvement to the description of the combined
maximum likelihood (MESE) IceCube neutrino flux. The best-fit
points, marked as stars, are in strong tension with our γ-ray
results. The red dotted line provides a limit if we assume a
combination of DM decay and astrophysical sources are respon-
sible for the spectrum.
PRL 119, 021102 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
14 JULY 2017
0031-9007=17=119(2)=021102(8) 021102-1 © 2017 American Physical Society
classes of sources and their spectra that contribute to the
unresolved component of the extragalactic γ-ray back-
ground. We improve and extend beyond Refs. [10,11] in a
number of ways: by including state-of-the-art modeling for
cosmic-ray-induced γ-ray emission in the Milky Way, a
larger and cleaner data set, and a novel analysis technique that
allows us to search for a combination of Galactic and
extragalactic flux arising from DM decay. The limits labeled
1 and 4 in Fig. 1 are from the AMS-02 antiproton [15,16]
and positron [17,18] measurements, respectively; these
constraints are subject to considerable astrophysical uncer-
tainties, due to the propagation of charged cosmic rays from
their source to Earth.
An additional motivation for this work is the measure-
ment of the so far unexplained high-energy neutrinos
observed by the IceCube experiment [1–4]. If the DM
has both a mass mχ ∼ PeV and a long lifetime τ ∼ 1028
seconds, its decays could contribute to the upper end of the
IceCube spectrum. These DM candidates would produce
correlated cosmic-ray signals, yielding a broad spectrum of
γ rays with energies extending well into Fermi’s energy
range. Taking this correlation between neutrino and photon
spectra into account enables us to constrain the DM
interpretation of these neutrinos using the Fermi data.
Figure 1 illustrates regions of parameter spacewherewe fit
a decaying DM spectrum to the high-energy neutrino flux at
IceCube in hashed green. The corresponding region for the
analysis of Ref. [19] using lower-energy neutrinos is shown
in blue. Clearly, much of the parameter space relevant for
IceCube is disfavored by the γ-ray limits; the best fit points
(indicated by stars) are in strong tension with the Fermi
observations. We conclude that models where decaying DM
could account for the entire astrophysical neutrino flux
observed by IceCube are disfavored. Furthermore, models
where the neutrino flux results from a mix of decaying DM
and astrophysical sources are strongly constrained.
The rest of this Letter is organized as follows. First, we
discuss the various contributions to the γ-ray flux resulting
from DM decay. Then, we give an overview of the data set
and analysis techniques used in this work. Next, we provide
context for these limits by interpreting them as constraints
on a concrete model (glueball DM), before concluding.
The γ-ray flux.—DecayingDMcontributes both aGalactic
and extragalactic flux. The Galactic contribution results
primarily from prompt γ-ray emission due to the decay itself,
which is simulated with Pythia 8.219[20–22] including electro-
weak showering [23] (see, e.g., Refs. [24–34]).
These effects can be the only source of photons for
channels such as χ → νν¯.
In addition, the electrons and positrons from these decays
IC scatter off of cosmic background radiation (CBR),
producing γ rays (see, e.g., Refs. [35,36]). The prompt
contribution follows the spatial morphology obtained from
the line-of-sight (LOS) integral of the DM density, which we
model with a Navarro-Frenk-White (NFW) profile [37,38],
setting the local DM density ρ ¼ 0.3 GeV=cm3, and the
scale radius rs ¼ 20 kpc (variations to the profile lead to
similar results, see the Supplemental Material [39]).We only
consider IC scattering off of the cosmic microwave back-
ground (CMB), as scattering from integrated stellar radiation
and the infrared background is expected to be subdominant,
see the Supplemental Material [39]. For scattering off of the
CMB, the resulting γ-ray morphology also follows the LOS
integral of the DM density. Importantly, as scattering off of
the other radiation fields only increases the γ-ray flux,
neglecting these effects is conservative. In the same spirit,
we conservatively assume that the electrons and positrons
lose energy due to synchrotron emission in a rather strong,
uniformB ¼ 2.0 μGmagnetic field (see, e.g., Refs. [60–62])
and show variations in the Supplemental Material [39].
In addition to the Galactic fluxes, there is an essentially
isotropic extragalactic contribution, arising fromDMdecays
throughout the broader Universe [63]. The extragalactic
flux receives three important contributions: (1) attenuated
prompt emission; (2) attenuated emission from IC of primary
electrons and positrons; and (3) emission from γ-ray
cascades. The cascade emission arises when an electron-
positron pair is created by high-energy γ rays scattering off of
the CBR, inducing IC emission along with adiabatic energy
loss. We account for these effects following [10,35].
Data analysis.—We assess how well predicted Galactic
(NFW-correlated) and extragalactic (isotropic) fluxes
describe the data using the profile-likelihood method
(see, e.g., Ref. [64]), described in more detail in the
Supplemental Material [39]. To this end, we perform a
template fitting analysis (using NPTFit [65]) with 413
weeks of Fermi Pass 8 data collected from August 4, 2008
to July 7, 2016. We restrict to the UltracleanVeto event
class; furthermore, we only use the top quartile of events
as ranked by the point-spread function (PSF). The
UltracleanVeto event class is used to minimize contami-
nation from cosmic rays, while the PSF cut is imposed to
mitigate effects from mismodeling bright regions. We bin
the data in 40 logarithmically spaced energy bins between
200 MeV and 2 TeV, and we apply the recommended
quality cuts DATA_QUAL==1 && LAT_CONFIG==1 and
zenith angle less than 90° [66]. The data is binned spatially
using a HEALPix [67] pixelation with nside ¼ 128.
We constrain this data to a region of interest (ROI)
defined by Galactic latitude jbj ≥ 20° within 45° of the
Galactic Center (GC). The Galactic plane is masked in
order to avoid issues related to mismodeling of diffuse
emission in that region. Similarly, we do not extend our
region out further from the GC to avoid over-subtraction
issues that may arise when fitting diffuse templates over
large regions of the sky (see, e.g., Refs. [68–70]). Finally,
we mask all point sources (PSs) in the 3FGL PS catalog
[71] at their 95% containment radius.
Using this restricted data set, we then independently fit
templates in each energy bin in order to construct a
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likelihood profile as a function of the extragalactic and
Galactic flux.We separate ourmodel parameters into those of
interest ψ and the nuisance parameters λ. The ψ include
parameters for an isotropic template to account for the
extragalactic emission, along with a template following a
LOS-integratedNFWprofile tomodel theGalactic emission.
Note that both the prompt and IC contribute to the same
template, see the Supplemental Material [39] for justifica-
tion. The λ include parameters for the flux from diffuse
emissionwithin theMilkyWay, flux from theFermi bubbles,
flux from isotropic emission that does not arise from DM
decay (e.g., emission from blazars and other extragalactic
sources, alongwithmisidentified cosmic rays), and flux from
PSs, bothGalactic and extragalactic, in the 3FGLPS catalog.
Importantly, each spatial template is given a separate,
uncorrelated degree of freedom in the northern and southern
hemispheres, further alleviating oversubtraction.
In our main analysis, we use the Pass 7 diffuse model
gal_2 yearp7v6_v0 (p7v6) to account for diffuse emi-
ssion in the Milky Way, coming from gas-correlated
emission (mostly pion decay and bremsstrahlung from
high-energy electrons), IC emission, and emission from
large-scale structures such as the Fermi bubbles [72] and
Loop 1 [73]. Additionally, even though the Fermi bubbles
are included to some extent in the p7v6 model, we add an
additional degree of freedom for the bubbles, following the
uniform spatial template given in Ref. [72]. We add a single
template for all 3FGL PSs based on the spectra in Ref. [71],
though we emphasize again that all PSs are masked at 95%
containment. See the Supplemental Material [39] for
variations of these choices.
Given the templates described above, we are able to
construct 2D log-likelihood profiles logpiðdijfIiiso; IiNFWgÞ
as functions of the isotropic and NFW-correlated DM-
induced emission Iiiso and I
i
NFW, respectively, in each of
the energy bins i. Here, di is the data in that energy bin,
which simply consists of the number of counts in each
pixel. The likelihood profiles are given by maximizing the
Poisson likelihood functions over the λ parameters.
Any decaying DMmodel may be constrained from the set
of likelihood profiles in each energy bin, which are provided
as Supplementary Data [74]. Concretely, given a DMmodel
M, the total log-likelihood logpðdjM; fτ; mχgÞ is simply
the sumof the logpi, where the intensities in each energy bin
are functions of the DMmass and lifetime. The test statistics
(TS) used to constrain the model is twice the difference
between the log-likelihood at a given τ and the value at
τ ¼ ∞, where the DM contributes no flux. The 95% limit is
given by TS ¼ −2.71.
In order to compare our γ-ray results to potential signals
from IceCube, we determine the region of parameter
space where DM may contribute to the observed high-
energy neutrino flux. We use the recent high-energy
astrophysical neutrino spectrum measurement by the
IceCube Collaboration [3]. In that work, neutrino flux
measurements from a combination of muon-track and
shower data are given in 9 logarithmically spaced energy
bins between 10 TeV and 10 PeV, under the assumption of
equal flavor ratios and an isotropic flux. (Constraints at high
masses may be improved by incorporating recent results
from Ref. [75], which focused on neutrino events with
energies greater than 10 PeV.) We assume that DM decays
are the only source of high-energy neutrino flux. In Fig. 1
(assuming the DM decays exclusively to bb¯) we show the
region where the DM model provides at least a 3σ improve-
ment over the null hypothesis of no high-energy flux at all.
The best-fit point is marked with a star. The blue region in
Fig. 1 is the best-fit region [19] for explaining an apparent
excess in the 2-year medium energy starting event (MESE)
IceCube data, which extends down to energies∼1 TeV [76].
The dashed red curve, on other hand, shows the 95%
limit that we obtain on this DM channel under the
assumption that astrophysical sources also contribute to
the high-energy flux. We parameterize the astrophysical
flux by a power law with an exponential cutoff, and we
marginalize over the slope of the power law, the normali-
zation, and the cutoff in order to obtain a likelihood profile
for the DMmodel, as a function of τ andmχ . We emphasize
that we allow the spectral index to float, as opposed to the
analysis of Ref. [19], which fixes the index equal to two.
Interpretations.—In Fig. 1, we show our total constraint
on the DM lifetime for a model where χ → bb¯. This result
demonstrates tension in models where decaying DM
explains or contributes to the astrophysical neutrino flux
observed by IceCube. PeV-scale decaying DMmodels have
received attention recently (see, e.g., Refs. [5,35,77–97]).
In particular, while conventional astrophysical models such
as those involving star-forming galaxies and galaxy clusters
provide viable explanations for the neutrino data above
100 TeV (see Ref. [98] for a summary of recent ideas), the
MESE data have been difficult to explain with conventional
models [99,100]. Moreover, it is natural to expect heavy
DM to slowly decay to the SM in a wide class of scenarios
where, for example, the DM is stabilized through global
symmetries in a hidden sector that are expected to be
violated at the Planck scale or perhaps the scale of grand
unification (the GUT scale).
From a purely data-driven point of view it is worthwhile
to ask whether any set of SM final states may contribute
significantly to or explain the IceCube data while being
consistent with the γ-ray constraints. In the Supplemental
Material [39] we provide limits on a variety of two-body
SM final states.
It is also important to interpret the bounds as constraints
on the parameter space of UV models or gauge-invariant
effective field theory (EFT) realizations. If the decay is
mediated by irrelevant operators, and given the long life-
times we are probing, it is natural to assume very high
cutoff scales Λ, such as the GUT scale ∼1016 GeV or the
Planck scale mPl ≃ 2.4 × 1018 GeV. We expect all gauge
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invariant operators connecting the dark sector to the SM to
appear in the EFT suppressed by a scale mPl or less
(assuming no accidentally small coefficients and, perhaps,
discrete global symmetries).
It is also interesting to consider models that could yield
signals relevant for this analysis. Many cases are explored in
the Supplemental Material [39], and here we highlight one
simple option: a hidden sector that consists of a confining
gauge theory, at scale ΛD [101], without additional light
matter. Hidden gauge sectors that decouple from the SM at
high scales appear to be generic in many string constructions
(see Ref. [102] for a recent discussion). Denoting the hidden-
sector field strength as GDμν, then the lowest dimensional
operator connecting the hidden sector to the SM appears
at dimension 6: L ⊃ λDGDμνG
μν
D jHj2=Λ2, where λD is a
dimensionless coupling constant, Λ is the scale where
this operator is generated, and H the SM Higgs doublet.
The lightest 0þþ glueball state in the hidden gauge theory is
a simple DM candidate χ, with mχ ∼ ΛD, though heavier,
long-lived states may also play important roles (see, e.g.,
Ref. [103]). The lowest dimension EFToperator connecting
χ to the SM is then ∼χjHj2Λ3D=Λ2. Furthermore, ΛD ≳
100 MeV in order to avoid constraints on DM self-
interactions [104].
At masses comparable to and lower than the electroweak
scale, the glueball decays primary to b quarks through
mixing with the SM Higgs boson, while at high masses the
glueball decays predominantly toW, Z0, and Higgs boson
pairs (see the inset of Fig. 2 for the dominant branching
ratios). In the high-mass limit, the lifetime is approximately
τ≃ 5 × 1027 s

3
ND
1
4πλD

2

Λ
mPl

4

0.1 PeV
ΛD

5
; ð1Þ
with ND the number of colors. This is roughly the right
lifetime to be relevant for the IceCube neutrino flux.
In Fig. 2, we show our constraint on this glueball model.
Using Eq. (1), these results suggest that models with
ΛD ≳ 0.1 PeV, λD ≳ 1=ð4πÞ, and Λ ¼ mPl are excluded.
As in Fig. 1, the shaded green area is the region of
parameter space where the model may contribute signifi-
cantly to IceCube, and the dashed red line provides the limit
we obtain from IceCube allowing for an astrophysical
contribution to the flux. As in the case of the bb¯ final state,
the γ-ray limits derived in this work are in tension with the
decaying-DM origin of the signal.
Figure 2 also illustrates the relative contribution of
prompt, IC and extragalactic emissions to the total limit.
The 95% confidence interval is shown for each source,
assuming background templates only, where the normal-
izations are fit to the data. Across almost all of the mass
range, and particularly at the highest masses, the limits
obtained on the real data align with the expectations from
MC. In the statistics-dominated regime, we would expect
the real-data limits to be consistent with those from MC,
while in the systematics dominated regime the limits on
real data may differ from those obtained from MC. This is
because the real data can have residuals coming from
mismodeling the background templates, and the overall
goodness of fit may increase with flux from the NFW-
correlated template, for example, even in the absence of DM.
Alternatively, the background templates may overpredict the
flux at certain regions of the sky, leading to oversubtraction
issues that could make the limits artificially strong.
Discussion.—In this work, we presented some of the
strongest limits to date on decaying DM from a dedicated
analysis of Fermi γ-ray data incorporating spectral and
spatial information, along with up-to-date modeling of
diffuse emission in the Milky Way. Our results disfavor a
decaying DM explanation of the IceCube high-energy
neutrino data.
There are several ways that our analysis could be
expanded upon. We have not attempted to characterize
the spectral composition of the astrophysical contributions
to the isotropic emission, which may strengthen our limits.
On the other hand, ideally, for a given, fixed decaying DM
flux in the profile likelihood, we should marginalize not
just over the normalization of the diffuse template but also
over all of the individual components that go into making
this template, such as IC emission and bremsstrahlung.
A variety of strategies beyond those described here have
been used to constrain DM lifetimes (see, e.g., Ref. [105]
for a review). These include γ-ray line searches, such as
those performed in Refs. [106–109], which are comple-
mentary to the constraints on broader energy emission
given in this Letter. Limits from direct decay into neutrinos
have also been considered [110]. Less competitive limits
have been set on DM decays resulting in broad energy
FIG. 2. Limits on decaying glueball DM (see text for details).
We show limits obtained from prompt, IC, and EG emission only,
along with the 95% confidence window for the expectation of
each limit from MC simulations. Furthermore, the parameter
space where the IceCube data may be interpreted as a∼3σ hint for
DM is shown in shaded green, with the best fit point represented
by the star. (inset) The dominant glueball DM branching ratios.
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deposition and nearby galaxies and galaxy clusters
[111,112], large scale Galactic and extragalactic emission
]11,113–116 ], Milky Way Dwarfs [117,118], and the CMB
[119]. The upcoming Cherenkov Telescope Array (CTA)
experiment [120] may have similar sensitivity as our results
to DM masses ∼10 TeV [121]. However, more work needs
to be done in order to assess the potential for CTA to
constrain or detect heavier, ∼PeV decaying DM. On the
other hand, the High-Altitude Walter Cherenkov
Observatory (HAWC) [122] and air-shower experiments
such as Tibet ASþMD [123] will provide meaningful
constraints on the Galactic diffuse γ-ray emission. The
constraints on DM lifetimes might be as stringent as
1027–1028 s for PeV masses and hadronic channels, assum-
ing no astrophysical emission is seen [35,36,124].
Finally, we mention that our results also have implica-
tions for possible decaying DM interpretations (see, e.g.,
Ref. [125]) of the positron [17,126] and antiproton fluxes
[15] measured by AMS-02. Recent measurements of the
positron flux appear to exhibit a break at high masses that
could indicate evidence for decaying DM to, for example,
eþe− with mχ ∼ 1 TeV and τ ∼ 1027 s. However, our
results appear to rule out the decaying DM interpretation
of the positron flux for this and other final states. For
example, in the eþe− case our limit for mχ ∼ 1 TeV DM
is τ ≳ 5 × 1028 s.
We thank John Beacom, Keith Bechtol, Kfir Blum, Jim
Cline, Jonathan Cornell, Arman Esmaili, Andrew Fowlie,
Benjamin Fuks, Philip Ilten, Joachim Kopp, Hongwan Liu,
Ian Low, Naoko Kurahashi-Neilson, Farinaldo Queiroz,
Tracy Slatyer, Yue-Lin Sming Tsai, and Christoph Weniger
for useful conversations. We also thank Lars Mohrmann for
providing us with the IceCube data from the maximum
likelihood analysis. T. C. is supported by a LHC Theory
Initiative Postdoctoral Fellowship, under the National
Science Foundation Grant No. PHY-0969510. The work
of K. M. is supported by NSF Grant No. PHY-1620777.
N. L. R. is supported in part by the American Australian
Association’s ConocoPhillips Fellowship. B. R. S. is sup-
ported by a Pappalardo Fellowship in Physics at MIT.
The work of B. R. S. was performed in part at the Aspen
Center for Physics, which is supported by National Science
Foundation Grant No. PHY-1066293. This work is sup-
ported by the U.S. Department of Energy (DOE) under
cooperative research Agreements No. DE-SC-0012567 and
No. DE-SC-0013999.
[1] M. G. Aartsen et al. (IceCube Collaboration), First Obser-
vation of PeV-Energy Neutrinos with IceCube, Phys. Rev.
Lett. 111, 021103 (2013).
[2] M. G. Aartsen et al. (IceCube Collaboration), Evidence
for high-energy extraterrestrial neutrinos at the IceCube
detector, Science 342, 1242856 (2013).
[3] M. G. Aartsen et al. (IceCube Collaboration), A combined
maximum-likelihood analysis of the high-energy astro-
physical neutrino flux measured with IceCube, Astrophys.
J. 809, 98 (2015).
[4] M. G. Aartsen et al. (IceCube Collaboration), Evidence for
Astrophysical Muon Neutrinos from the Northern Sky
with IceCube, Phys. Rev. Lett. 115, 081102 (2015).
[5] O. K. Kalashev and M. Yu. Kuznetsov, Constraining heavy
decaying dark matter with the high energy gamma-ray
limits, arXiv:1606.07354.
[6] A. Aab et al. (The Pierre Auger Collaboration), The Pierre
Auger Observatory: Contributions of the 34th
International Cosmic Ray Conference 30 July—6 August
2015, The Hague, The Netherlands (ICRC 2015), arXiv:
1509.03732; https://inspirehep.net/record/1393211/files/
arXiv:1509.03732.pdf.
[7] D. Kang et al., A limit on the diffuse gamma-rays
measured with KASCADE-Grande, J. Phys. Conf. Ser.
632, 012013 (2015).
[8] M. C. Chantell et al. (CASA-MIA Collaboration), Limits
on the Isotropic Diffuse Flux of Ultrahigh-Energy Gamma
Radiation, Phys. Rev. Lett. 79, 1805 (1997).
[9] S. Ando and K. Ishiwata, Constraints on decaying dark
matter from the extragalactic gamma-ray background, J.
Cosmol. Astropart. Phys. 05 (2015) 024.
[10] K. Murase and J. F. Beacom, Constraining very heavy dark
matter using diffuse backgrounds of neutrinos and cas-
caded gamma rays, J. Cosmol. Astropart. Phys. 10 (2012)
043.
[11] M. Ackermann et al. (Fermi-LAT Collaboration), Con-
straints on the Galactic halo dark matter from Fermi-LAT
diffuse measurements, Astrophys. J. 761, 91 (2012).
[12] G. Hutsi, A. Hektor, and M. Raidal, Implications of the
Fermi-LAT diffuse gamma-ray measurements on annihi-
lating or decaying dark matter, J. Cosmol. Astropart. Phys.
07 (2010) 008.
[13] M. Cirelli, E. Moulin, P. Panci, P. D. Serpico, and A. Viana,
Gamma ray constraints on decaying dark matter, Phys.
Rev. D 86, 083506 (2012).
[14] O. Kalashev, Constraining dark matter and ultra-high
energy cosmic ray sources with Fermi-LAT diffuse gamma
ray background, EPJ Web Conf. 125, 02012 (2016).
[15] Ams-02 Collaboration, talks at the AMS Days at CERN,
2015, 15–17 April.
[16] G. Giesen, M. Boudaud, Y. Génolini, V. Poulin, M. Cirelli,
P. Salati, and P. D. Serpico, AMS-02 antiprotons, at last!
Secondary astrophysical component and immediate im-
plications for dark matter, J. Cosmol. Astropart. Phys. 09
(2015) 023.
[17] M. Aguilar et al. (AMS Collaboration), First Result from
the Alpha Magnetic Spectrometer on the International
Space Station: Precision Measurement of the Positron
Fraction in Primary Cosmic Rays of 0.5–350 GeV, Phys.
Rev. Lett. 110, 141102 (2013).
[18] A. Ibarra, A. S. Lamperstorfer, and J. Silk, Dark matter
annihilations and decays after the AMS-02 positron
measurements, Phys. Rev. D 89, 063539 (2014).
[19] M. Chianese, G. Miele, and S. Morisi, Dark matter
interpretation of low energy IceCube MESE excess, arXiv:
1610.04612.
PRL 119, 021102 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
14 JULY 2017
021102-5
[20] T. Sjostrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4
Physics and Manual, J. High Energy Phys. 05 (2006) 026.
[21] T. Sjostrand, S. Mrenna, and P. Z. Skands, A brief
introduction to PYTHIA 8.1, Comput. Phys. Commun.
178, 852 (2008).
[22] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N.
Desai, P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and
P. Z. Skands, An introduction to PYTHIA 8.2, Comput.
Phys. Commun. 191, 159 (2015).
[23] J. R. Christiansen and T. Sjöstrand, Weak gauge boson radi-
ation in parton showers, J. High Energy Phys. 04 (2014) 115.
[24] M. Kachelriess and P. D. Serpico, Model-independent dark
matter annihilation bound from the diffuse γ ray flux, Phys.
Rev. D 76, 063516 (2007).
[25] M. Regis and P. Ullio, Multi-wavelength signals of dark
matter annihilations at the Galactic center, Phys. Rev. D 78,
043505 (2008).
[26] G. D. Mack, T. D. Jacques, J. F. Beacom, N. F. Bell, and H.
Yuksel, Conservative constraints on dark matter annihila-
tion into gamma rays, Phys. Rev. D 78, 063542 (2008).
[27] N. F. Bell, J. B. Dent, T. D. Jacques, and T. J. Weiler,
Electroweak bremsstrahlung in dark matter annihilation,
Phys. Rev. D 78, 083540 (2008).
[28] J. B.Dent, R. J. Scherrer, andT. J.Weiler, Toward aminimum
branching fraction for dark matter annihilation into electro-
magnetic final states, Phys. Rev. D 78, 063509 (2008).
[29] E. Borriello, A. Cuoco, and G. Miele, Radio constraints on
dark matter annihilation in the galactic halo and its
substructures, Phys. Rev. D 79, 023518 (2009).
[30] G. Bertone, M. Cirelli, A. Strumia, and M. Taoso, Gamma-
ray and radio tests of the e+e- excess from DM annihi-
lations, arXiv:0811.3744.
[31] N. F. Bell and T. D. Jacques, Gamma-ray constraints on
dark matter annihilation into charged particles, arXiv:
0811.0821.
[32] M. Cirelli and P. Panci, Inverse Compton constraints on the
Dark Matter e excesses, Nucl. Phys. B821, 399 (2009).
[33] M. Kachelriess, P. D. Serpico, and M. A. Solberg, On the
role of electroweak bremsstrahlung for indirect dark matter
signatures, Phys. Rev. D 80, 123533 (2009).
[34] P. Ciafaloni, D. Comelli, A. Riotto, F. Sala, A. Strumia,
and A. Urbano, Weak corrections are relevant for dark
matter indirect detection, J. Cosmol. Astropart. Phys. 03
(2011) 019.
[35] K. Murase, R. Laha, S. Ando, and M. Ahlers, Testing the
Dark Matter Scenario for PeV Neutrinos Observed in
IceCube, Phys. Rev. Lett. 115, 071301 (2015).
[36] A. Esmaili and P. D. Serpico, Gamma-ray bounds from
EAS detectors and heavy decaying dark matter constraints,
J. Cosmol. Astropart. Phys. 10 (2015) 014.
[37] J. F. Navarro, C. S. Frenk, and S. D.M.White, The structure
of cold dark matter halos, Astrophys. J. 462, 563 (1996).
[38] J. F. Navarro, C. S. Frenk, and S. D. White, A Universal
density profile from hierarchical clustering, Astrophys. J.
490, 493 (1997).
[39] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.119.021102 for addi-
tional technical aspects of our analysis, including the
details of the generation of spectra and the likelihood
framework, various systematic checks on our analysis, and
an extended discussion of the dark matter theory inter-
pretations, which includes Refs. [40–59].
[40] M. Cirelli, G. Corcella, A. Hektor, G. Hutsi, M. Kadastik,
P. Panci, M. Raidal, F. Sala, and A. Strumia, PPPC 4 DM
ID: A poor particle physicist cookbook for dark matter
indirect detection, J. Cosmol. Astropart. Phys. 03 (2011)
051; Erratum, J. Cosmol. Astropart. Phys. 10 (2012) E01.
[41] G. Elor, N. L. Rodd, and T. R. Slatyer, Multistep cascade
annihilations of dark matter and the Galactic Center
excess, Phys. Rev. D 91, 103531 (2015).
[42] G. Elor, N. L. Rodd, T. R. Slatyer, and W. Xue, Model-
independent indirect detection constraints on hidden sector
dark matter, arXiv:1511.08787.
[43] M. Ackermann et al. (Fermi-LAT Collaboration), The
spectrum of isotropic diffuse gamma-ray emission between
100 MeV and 820 GeV, Astrophys. J. 799, 86 (2015).
[44] S. A. Mao, N. M. McClure-Griffiths, B. M. Gaensler,
J. C. Brown, C. L. van Eck, M. Haverkorn, P. P. Kronberg,
J. M. Stil, A. Shukurov, and A. R. Taylor, New constraints
on the Galactic halo magnetic field using rotation measures
of extragalactic sources toward the outer galaxy, Astro-
phys. J. 755, 21 (2012).
[45] A. Burkert, The Structure of dark matter halos in dwarf
galaxies, IAU Symp. 171, 175 (1996); Erratum, Astrophys.
J. 447, L25(E) (1995).
[46] F. Calore, I. Cholis, and C. Weniger, Background model
systematics for the Fermi GeV excess, J. Cosmol.
Astropart. Phys. 03 (2015) 038.
[47] P. Bhattacharjee and G. Sigl, Origin and propagation of
extremely high-energy cosmic rays, Phys. Rep. 327, 109
(2000).
[48] J. F. Gunion and H. E. Haber, The CP conserving two
Higgs doublet model: The Approach to the decoupling
limit, Phys. Rev. D 67, 075019 (2003).
[49] B. P. Kersevan and E. Richter-Was, Improved phase space
treatment of massive multi-particle final states, Eur. Phys.
J. C 39, 439 (2005).
[50] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P. W.
Graham, R. Harnik, and S. Rajendran, Astrophysical
probes of unification, Phys. Rev. D 79, 105022 (2009).
[51] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P. W.
Graham, R. Harnik, and S. Rajendran, Decaying dark
matter as a probe of unification and TeV spectroscopy,
Phys. Rev. D 80, 055011 (2009).
[52] S. B. Roland, B. Shakya, and J. D. Wells, Neutrino Masses
and Sterile Neutrino Dark Matter from the PeV Scale,
Phys. Rev. D 92, 113009 (2015).
[53] S. Cassel, D. M. Ghilencea, and G. G. Ross, Electroweak
and dark matter constraints on a Z-prime in models with a
hidden valley, Nucl. Phys. B827, 256 (2010).
[54] J. M. Cline, G. Dupuis, Z. Liu, and W. Xue, The windows
for kinetically mixed Z’-mediated dark matter and the
galactic center gamma ray excess, J. High Energy Phys. 08
(2014) 131.
[55] K. Ishiwata, S. Matsumoto, and T. Moroi, High energy
cosmic rays from the decay of gravitino dark matter, Phys.
Rev. D 78, 063505 (2008).
[56] M. Grefe, Ph.D. thesis, Hamburg U., 2008, arXiv:1111
.6041, http://www‑library.desy.de/cgi‑bin/showprep.pl?
thesis08‑043.
PRL 119, 021102 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
14 JULY 2017
021102-6
[57] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr,
and B. Fuks, FeynRules 2.0—A complete toolbox for
tree-level phenomenology, Comput. Phys. Commun. 185,
2250 (2014).
[58] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and
T. Stelzer, MadGraph 5: Going beyond, J. High Energy
Phys. 06 (2011) 128.
[59] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni,
O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M.
Zaro, The automated computation of tree-level and next-
to-leading order differential cross sections, and their
matching to parton shower simulations, J. High Energy
Phys. 07 (2014) 079.
[60] S. A. Mao, N. M. McClure-Griffiths, B. M. Gaensler, J. C.
Brown, C. L. van Eck, M. Haverkorn, P. P. Kronberg, J. M.
Stil, A. Shukurov, and A. R. Taylor, New constraints on the
galactic halo magnetic field using rotation measures of
extragalactic sources towards the outer galaxy, Astrophys.
J. 755, 21 (2012).
[61] M. Haverkorn, Magnetic fields in the MilkyWay, arXiv:
1406.0283.
[62] M. C. Beck, A. M. Beck, R. Beck, K. Dolag, A. W. Strong,
and P. Nielaba, New constraints on modelling the random
magnetic field of the MW, J. Cosmol. Astropart. Phys. 05
(2016) 056.
[63] G. D. Kribs and I. Z. Rothstein, Bounds on longlived relics
from diffuse gamma-ray observations, Phys. Rev. D 55,
4435 (1997); Erratum, Phys. Rev. D 56, 1822(E) (1997).
[64] W. A. Rolke, A.M. Lopez, and J. Conrad, Limits and
confidence intervals in the presence of nuisance parameters,
Nucl. Instrum.Methods Phys. Res., Sect. A 551, 493 (2005).
[65] S. Mishra-Sharma, N. L. Rodd, and B. R. Safdi, NPTFit: A
code package for Non-Poissonian template fitting, arXiv:
1612.03173.
[66] http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/
cicerone/cicerone_data_exploration/data_preparation.html.
[67] K. M. Gorski, E. Hivon, A. J. Banday, B. D. Wandelt, F. K.
Hansen, M. Reinecke, and M. Bartelman, HEALPix—A
Framework for high resolution discretization, and fast
analysis of data distributed on the sphere, Astrophys. J.
622, 759 (2005).
[68] T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden, S. K. N.
Portillo, N. L. Rodd, and T. R. Slatyer, The characteriza-
tion of the gamma-ray signal from the central Milky Way:
A case for annihilating dark matter, Phys. Dark Universe
12, 1 (2016),
[69] T. Linden, N. L. Rodd, B. R. Safdi, and T. R. Slatyer, The
high-energy tail of the Galactic center gamma-ray excess,
arXiv:1604.01026.
[70] S. A. Narayanan and T. R. Slatyer, A latitude-dependent
analysis of the leptonic hypothesis for the Fermi bubbles,
arXiv:1603.06582.
[71] F. Acero et al. (Fermi-LAT Collaboration), Fermi large
area telescope third source catalog, arXiv:1501.02003.
[72] M. Su, T. R. Slatyer, and D. P. Finkbeiner, Giant gamma-
ray bubbles from Fermi-LAT: AGN activity or bipolar
Galactic wind?, Astrophys. J. 724, 1044 (2010).
[73] J.-M. Casandjian and I. Grenier (Fermi-LAT Collabora-
tion), High energy gamma-ray emission from the loop I
region, arXiv:0912.3478.
[74] Supplementary Data for, Gamma-ray Constraints on
Decaying Dark Matter and Implications for IceCube,
http://hdl.handle.net/1721.1/105550.
[75] M. G. Aartsen et al. (IceCube Collaboration), Constraints
on ultra-high-energy cosmic ray sources from a search
for neutrinos above 10 PeV with IceCube, arXiv:
1607.05886.
[76] M. G. Aartsen et al. (IceCube Collaboration), Atmospheric
and astrophysical neutrinos above 1 TeV interacting in
IceCube, Phys. Rev. D 91, 022001 (2015).
[77] A. Esmaili and P. D. Serpico, Are IceCube neutrinos
unveiling PeV-scale decaying dark matter?, J. Cosmol.
Astropart. Phys. 11 (2013) 054.
[78] B. Feldstein, A. Kusenko, S. Matsumoto, and T. T.
Yanagida, Neutrinos at IceCube from heavy decaying dark
matter, Phys. Rev. D 88, 015004 (2013).
[79] Y. Ema, R. Jinno, and T. Moroi, Cosmic-ray neutrinos
from the decay of long-lived particle and the recent
IceCube result, Phys. Lett. B 733, 120 (2014).
[80] J. Zavala, Galactic PeV neutrinos from dark matter
annihilation, Phys. Rev. D 89, 123516 (2014).
[81] A. Bhattacharya, M. H. Reno, and I. Sarcevic, Reconciling
neutrino flux from heavy dark matter decay and recent
events at IceCube, J. High Energy Phys. 06 (2014) 110.
[82] T. Higaki, R. Kitano, and R. Sato, Neutrinoful universe, J.
High Energy Phys. 07 (2014) 044.
[83] C. Rott, K. Kohri, and S. C. Park, Superheavy dark matter
and IceCube neutrino signals: Bounds on decaying dark
matter, Phys. Rev. D 92, 023529 (2015).
[84] C. S. Fong, H. Minakata, B. Panes, and R. Zukanovich
Funchal, Possible interpretations of IceCube high-energy
neutrino events, J. High Energy Phys. 02 (2015) 189.
[85] E. Dudas, Y. Mambrini, and K. A. Olive, Monochromatic
neutrinos generated by dark matter and the seesaw mecha-
nism, Phys. Rev. D 91, 075001 (2015).
[86] Y. Ema, R. Jinno, and T. Moroi, Cosmological Implica-
tions of High-Energy Neutrino Emission from the
Decay of Long-Lived Particle, J. High Energy Phys. 10
(2014) 150.
[87] A. Esmaili, S. K. Kang, and P. D. Serpico, IceCube events
and decaying dark matter: hints and constraints, J. Cosmol.
Astropart. Phys. 12 (2014) 054.
[88] L. A. Anchordoqui, V. Barger, H. Goldberg, X. Huang,
D. Marfatia, L. H. M. da Silva, and T. J. Weiler, IceCube
neutrinos, decaying dark matter, and the Hubble con-
stant, Phys. Rev. D 92, 061301 (2015); Erratum, Phys.
Rev. D 94, 069901(E) (2016).
[89] S. M. Boucenna, M. Chianese, G. Mangano, G. Miele, S.
Morisi, O. Pisanti, and E. Vitagliano, Decaying leptophilic
dark matter at IceCube, J. Cosmol. Astropart. Phys. 12
(2015) 055.
[90] P. Ko and Y. Tang, IceCube events from heavy DM decays
through the right-handed neutrino portal, Phys. Lett. B
751, 81 (2015).
[91] C. El Aisati, M. Gustafsson, T. Hambye, and T. Scarna,
Dark matter decay to a photon and a neutrino: The double
monochromatic smoking gun scenario, Phys. Rev. D 93,
043535 (2016).
[92] M. D. Kistler, On TeV gamma rays and the search for
Galactic neutrinos, arXiv:1511.05199.
PRL 119, 021102 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
14 JULY 2017
021102-7
[93] M. Chianese, G. Miele, S. Morisi, and E. Vitagliano, Low
energy IceCube data and a possible dark matter related
excess, Phys. Lett. B 757, 251 (2016).
[94] M. Re Fiorentin, V. Niro, and N. Fornengo, A consistent
model for leptogenesis, dark matter and the IceCube
signal, arXiv:1606.04445.
[95] P. S. B. Dev, D. Kazanas, R. N. Mohapatra, V. L. Teplitz,
and Y. Zhang, Heavy right-handed neutrino dark matter
and PeV neutrinos at IceCube, J. Cosmol. Astropart. Phys.
08 (2016) 034.
[96] P. Di Bari, P. O. Ludl, and S. Palomares-Ruiz, Unifying
leptogenesis, dark matter and high-energy neutrinos with
right-handed neutrino mixing via Higgs portal, arXiv:
1606.06238.
[97] M. Chianese and A. Merle, A consistent theory of
decaying dark matter connecting IceCube to the sesame
street, arXiv:1607.05283.
[98] K. Murase and E. Waxman, Constraining high-energy
cosmic neutrino sources: Implications and prospects, Phys.
Rev. D 94, 103006 (2016).
[99] K. Murase, D. Guetta, and M. Ahlers, Hidden Cosmic-Ray
Accelerators as an Origin of TeV-PeV Cosmic Neutrinos,
Phys. Rev. Lett. 116, 071101 (2016).
[100] A. Palladino, M. Spurio, and F. Vissani, On the IceCube
spectral anomaly, arXiv:1610.07015.
[101] A. E. Faraggi and M. Pospelov, Selfinteracting dark matter
from the hidden heterotic string sector, Astropart. Phys. 16,
451 (2002).
[102] J. Halverson, B. D. Nelson, and F. Ruehle, String theory
and the dark glueball problem, arXiv:1609.02151.
[103] L. Forestell, D. E. Morrissey, and K. Sigurdson, Non-
Abelian dark forces and the relic densities of dark glueballs,
arXiv:1605.08048.
[104] K. K. Boddy, J. L. Feng, M. Kaplinghat, and T. M. P. Tait,
Self-interacting dark matter from a non-Abelian hidden
sector, Phys. Rev. D 89, 115017 (2014).
[105] A. Ibarra, D. Tran, and C. Weniger, Indirect searches for
decayingdarkmatter,Int.J.Mod.Phys.A28,1330040(2013).
[106] A. A. Abdo et al., Fermi LAT Search for Photon Lines
from 30 to 200 GeV and Dark Matter Implications, Phys.
Rev. Lett. 104, 091302 (2010).
[107] G. Vertongen and C. Weniger, Hunting dark matter
gamma-ray lines with the Fermi LAT, J. Cosmol. Astro-
part. Phys. 05 (2011) 027.
[108] M. Ackermann et al. (Fermi-LAT Collaboration), Fermi
LAT search for dark matter in gamma-ray lines and the
inclusive photon spectrum, Phys. Rev. D 86, 022002 (2012).
[109] M. Ackermann et al. (Fermi-LAT Collaboration), Search
for gamma-ray spectral lines with the Fermi large area
telescope and dark matter implications, Phys. Rev. D 88,
082002 (2013).
[110] A. Esmaili, A. Ibarra, and O. L. G. Peres, Probing the
stability of superheavy dark matter particles with high-
energy neutrinos, J. Cosmol.Astropart. Phys. 11 (2012) 034.
[111] L. Dugger, T. E. Jeltema, and S. Profumo, Constraints on de-
caying dark matter from Fermi observations of nearby gala-
xies and clusters, J. Cosmol. Astropart. Phys. 12 (2010) 015.
[112] X. Huang, G. Vertongen, and C. Weniger, Probing dark
matter decay and annihilation with Fermi LATobservations
of nearby galaxy clusters, J. Cosmol. Astropart. Phys. 01
(2012) 042.
[113] M. Cirelli, P. Panci, and P. D. Serpico, Diffuse gamma ray
constraints on annihilating or decaying dark matter after
Fermi, Nucl. Phys. B840, 284 (2010).
[114] L. Zhang, C. Weniger, L. Maccione, J. Redondo, and
G. Sigl, Constraining decaying dark matter with Fermi
LAT gamma-rays, J. Cosmol. Astropart. Phys. 06 (2010)
027.
[115] G. Zaharijas, A. Cuoco, Z. Yang, and J. Conrad (Fermi-
LAT Collaboration), Constraints on the Galactic Halo Dark
Matter from Fermi-LAT Diffuse Measurements, Proc. Sci.,
IDM2010 (2011) 111.
[116] G. Zaharijas, J. Conrad, A. Cuoco, and Z. Yang (Fermi-
LAT Collaboration), Fermi-LAT measurement of the
diffuse gamma-ray emission and constraints on the
Galactic dark matter signal, Nucl. Phys. B, Proc. Suppl.
239–240, 88 (2013).
[117] E. Aliu et al. (VERITAS Collaboration), VERITAS deep
observations of the dwarf spheroidal galaxy segue 1, Phys.
Rev. D 85, 062001 (2012) Erratum, Phys. Rev. D 91,
129903(E) (2015).
[118] M. G. Baring, T. Ghosh, F. S. Queiroz, and K. Sinha, New
limits on the dark matter lifetime from dwarf spheroidal
galaxies using Fermi-LAT, Phys. Rev. D 93, 103009
(2016).
[119] T. R. Slatyer and C.-L. Wu, General constraints on dark
matter decay from the cosmic microwave background,
arXiv:1610.06933.
[120] M. Actis et al. (CTA Consortium Collaboration), Design
concepts for the Cherenkov Telescope Array CTA: An
advanced facility for ground-based high-energy gamma-
ray astronomy, Exp. Astron. 32, 193 (2011).
[121] M. Pierre, J. M. Siegal-Gaskins, and P. Scott, Sensitivity of
CTA to dark matter signals from the Galactic Center, J.
Cosmol. Astropart. Phys. 06 (2014) 024; Erratum, J.
Cosmol. Astropart. Phys. 10 (2014) E01.
[122] A. U. Abeysekara et al., Sensitivity of the high altitude
water Cherenkov detector to sources of multi-TeV gamma
rays, Astropart. Phys. 50–52, 26 (2013).
[123] T. K. Sako, K. Kawata, M. Ohnishi, A. Shiomi, M. Takita,
and H. Tsuchiya, Exploration of a 100 TeV gamma-ray
northern sky using the Tibet air-shower array combined
with an underground water-Cherenkov muon-detector
array, Astropart. Phys. 32, 177 (2009).
[124] M. Ahlers and K. Murase, Probing the Galactic Origin of
the IceCube Excess with Gamma-Rays, Phys. Rev. D 90,
023010 (2014).
[125] H.-C. Cheng, W.-C. Huang, X. Huang, I. Low, Y.-L. S.
Tsai, and Q. Yuan, AMS-02 positron excess and indirect
detection of three-body decaying dark matter, arXiv:1608
.06382.
[126] S. Ting, The First Five Years of the Alpha Magnetic
Spectrometer on the International Space Station, https://
cds.cern.ch/record/2238506.
PRL 119, 021102 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
14 JULY 2017
021102-8
